Failure analysis of bonded composite joints is essential to the design of modern aerospace vehicles in which adhesive joints are widely used. Recently, methods for stress and failure analysis of composite bonded joints have been developed in a new HyperSizer® capability. The first part of the capability involves calculation of adhesive stresses, as well as detailed in-plane and out-of-plane stresses in the adherends, as described in ref. 1. This companion paper presents the second major part, which is the prediction of failure of bonded joints and validation of those predictions. Many leading bonded joint failure theories, summarized herein, were implemented, and then evaluated for accuracy against test data. Through comparison to 14 test cases with 3 different joint configurations, the ratios of predicted failure load divided by test average failure load vary from 0.77 to 0.95. These results show that HyperSizer is relatively accurate and consistent for predicting initial failure.
The objective of this paper is to validate HyperSizer's failure analysis capabilities with experimental data from the literature. The first example is selected from Cheuk and Tong's experiment and analysis for lap shear joints 2 . The original purpose of the study by Cheuk and Tong was to investigate the interlaminar failure of bonded shear lap joints with embedded cracks. In this study, experiments were conducted to identify the failure modes and to measure failure loads of specimens with different crack lengths. In our present study, we select the validation cases from a group of experimental results for uncracked specimens. The comparison shows that the predicted failure location in HyperSizer matches well with experimental observation, while the predicted failure load is somewhat conservative compared to the measured ultimate failure load in the tests. The discrepancy may be due to the progressive damage involved in the experiment while the predicted failure load only accounts for the damage initiation. The second validation example is selected from composite bonded skin/stringer specimens tested by NASA [3] [4] [5] . Both linear and nonlinear adhesive properties are considered in this example. Failure criteria for delamination and matrix cracking are used to predict the damage onset and the corresponding margin of safety is checked in a point-wise manner. The predicted location of damage onset by linear analysis is consistent with the experimental observation, while the predicted load for the damage initiation is approximately 0.85 times that of the average tested strength. Nonlinear adhesive analysis shows that the compliant adhesive will significantly increase the damage resistance of the adherends. The last validation example is selected from the bonded single-lap joint specimens studied by Tong 6 . Both linear and nonlinear analyses were performed to predict the failure load of the specimen subjected to longitudinal tension. The maximum stress criterion was used to predict the initial failure of the adherends based on the failure mode observed in the tests. Even though only the ultimate failure load is reported in the paper, the load-displacement curves of the joint specimens show evidence of pronounced initial damage and damage evolution prior to the ultimate failure. The failure location predicted by HyperSizer matches with the test, and the theoretical failure load correlates well with the measured initial failure load. Table 1 summarizes the theoretical predictions of the failure loads vs. test averages for each of the three HyperSizer validation problems. (refer to Tables 3, 6 , and 7).
II. Description of HyperSizer Method
HyperSizer's stress analysis method was developed based upon Mortensen's unified approach 7 , but it has been extended considerably and modified to enable accommodation of transverse in-plane straining and hygrothermal loads, and, most importantly, to compute the local in-plane and interlaminar stresses throughout the adherends. Compared to other analytical methods used for bonded joint analysis, the HyperSizer method is capable of handling more general situations, including various joint geometries, both linear and nonlinear adhesive behavior, asymmetric and unbalanced laminates, and more general loading and boundary conditions. A wide range of joint types may be considered in HyperSizer, and the adherends, which were originally modeled as classical laminates in cylindrical bending, are now considered to undergo 'generalized cylindrical bending', in which transverse straining is accommodated. Both linear and nonlinear behavior of the adhesive layer is admitted in the analysis. For linear analysis, the adhesive layer is modeled as continuously distributed linear tension/compression and shear springs. Inclusion of nonlinear adhesive behavior in the analysis is accomplished through the use of a secant modulus approach for the nonlinear tensile stress-strain relationship in conjunction with a yield criterion. Finally, the equilibrium equations for each joint are derived, and by combination of these equations and relations, a set of governing ordinary differential equations is obtained. The governing system of equations is solved numerically using Mortensen's 'multi-segment method of integration,' yielding laminate-level fields and adhesive stresses that vary along the joint in each adherend. After the governing equations are solved, the ply-level in-plane stress components in the adherends can be calculated from Classical Lamination Theory (CLT). After solving for the in-plane stresses, the interlaminar stress components of adherends are obtained through integration of point-wise equilibrium equations. The details of HyperSizer stress analysis method is described in ref. 1 . It is worthy of mentioning that HyperSizer program is very efficient; the execution time for a typical bonded doubler problem is approximately 1/40 second, enabling rapid consideration of a wide range of joint configurations for sizing optimization.
III. Failure Criteria for Composite Bonded Joints
Failure analysis was performed using the stress analysis results together with a set of strength-based failure criteria corresponding to specific failure modes of composite bonded joints. These failure modes fall into two broad categories, as shown in Fig.1 ; those that apply to the adherends, such as matrix or fiber cracking or delamination, and those that apply to the adhesive. The failure criteria are described below.
A. Composite adherend failure General failure criteria for laminated adherends
The failure modes for the adherends made of composite laminates are the same as those of stand-alone laminates, which experience either matrix failure or fiber failure. A number of failure criteria have been proposed for each failure mode using either phenomenological models or micromechanics approaches. For example, Hashin [8] [9] has proposed a set of 2D failure criteria for unidirectional laminates based on failure modes of the individual plies within the laminate:
Compressive fiber mode (σ 1 < 0)
Compressive matrix mode (σ 2 < 0)
where σ 1 , σ 2 , and τ 12 are the ply longitudinal, transverse, and shear stress components in the ply principal material coordinate system, X T and X C are the ply longitudinal tensile and compressive strengths, Y T and Y C are the ply transverse tensile and compressive strengths, S is the ply in-plane shear strength, and S T is the ply out-of-plane transverse shear strength. Hashin's failure theory has been continuously improved and extended by many researchers, such as Sun and Tau 10 , Puck et al. 11 , and Davila and Comanho
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, among others.
Composite Adherend Interlaminar Fracture (Delamination)
Interlaminar delamination is a typical failure mode for composite bonded joints due to the weakness of composite adherends subjected to interlaminar shear and transverse normal peel stresses. There are a number of failure criteria for this failure mode. Adams and Wake 14 proposed a simple maximum stress criterion, which assumed that interlaminar failure in a composite adherend occurs when the normal tensile stress at the interface exceeds its ultimate strength. It is given as 3 1 Z σ = (5) where 3 σ is the ply interlaminar normal stress and Z is the through-thickness tensile strength of the composite plies. This criterion regards the interfacial peel stress is the major contributor to the delamination failure.
Hoyt et al. 15 
where 13 τ is the ply interlaminar shear stress and R is the through-thickness shear strength of the plies in the laminated adherends. In general, the ply normal tensile strength is less than the through-thickness shear strength, so in Eq. (6), the contribution from the normal stress to the laminate failure is greater than the shear stress. Thus this criterion can be regarded as matrix-dominated interfacial criteria. This criterion has been examined by Long 16 , who concluded that the observed failures within the prepreg layer can be accurately described using Eq. (6) for adhesively bonded ARALL-1 single and double-lap joints. However, Tong 17 found that it is less accurate as fiber breakage becomes involved along with interlaminar delamination within the 0-degree surface ply near the bondline. Thus, Tong proposed and tested six failure criteria considering the contribution of axial stresses to delamination combined with fiber breakage. Those failure criteria are given as
A 3-D extension to Eq. (7) that accounts for transverse normal and in-plane shear stress has also been implemented. This equation is given as:
In addition, Camanho and Matthews 18 proposed two quadratic-form failure criteria for onset of delamination based on Hashin work. They are given as 
where Q is transverse shear strength of the ply.
Matrix cracking
In addition to delamination in the adherends, matrix cracking is also considered as a major damage mode in laminated adherends. Minguet and co-workers 19-22 investigated composite skin-stiffener debonding and believed that the maximum tensile stress in the matrix leads to matrix cracking. Thus, the corresponding failure criterion is given as Adherend fracture Adherend fracture (sectional failure) is also a common failure mode in composite bonded joints. Cheuk et al. 2 reported this type of failure in a series of experiments on bonded doublers made of T300/934 plain woven prepreg laminates. In general, maximum stress or strain criteria can describe this type of failure. The maximum stress can be the maximum ply-level principal stress or the maximum inplane stress. The general form of the failure criterion can be given as 
B. Adhesive Failure (cohesive and adhesive/adherend interface failure)
Adhesives are more susceptible to failure due to tensile strain than pure shear and compression. For some adhesives, nonlinear behavior dominates and strain to failure can exceed 100%. Thus, for the cohesive failure of ductile adhesives, the maximum strain criterion is usually applied. It is given as Failure of the spew fillet is another special case needed to be considered for adhesive failure. Adams and Harris 23 have studied the failure mechanism in adhesive spew fillets, and found that initial damage in the spew fillet is caused by the tensile stress. As a result, the maximum principal stress criterion is applied to this type of failure. It is given as
where max p σ is the max principal stress and X T is the tensile strength of bulk adhesive. The adhesive failure is also sometimes referred to as bondline failure, which contains either decohesion or debonding of the interface, or mix of both. For the bondline failure, the failure mechanisms are rather complicated because these two failure mechanisms are usually mixed together in the actual failure, and the strengths of the bondline for each type of failure mechanism are different and difficult to measure, especially the strength of the adhesive/adherends interface. Thus, some engineering failure criteria have been proposed to combine these two failure mechanisms together, in which case the strengths for these two failure mechanisms are not distinguished. The following are the bondline failure criteria, which have been used by Tong and Steven 27 :
where zz σ , xz τ , and yz τ are the peel and shear stresses in the adhesive and F peel and F shear are the bondline peel and shear strengths, which can be backed out from the above failure criteria by using the failure stresses measured in tensile shear experiments. For shear dominated bondline failure, the contribution of peel stress is excluded from the failure criteria Eq. (20) and (21). The failure criterion can then be written as, 2 2
Likewise, for peel dominant bondline failure, the contribution of shear stresses is excluded from the failure criteria Eq. (20) and (21). The failure criterion can then be written as,
C. Fracture Mechanics Based Failure Criteria
The methods presented so far have dealt primarily with damage initiation, rather than with ultimate failure, which is much more difficult to predict. In order to predict ultimate failure, implementation of a fracture mechanics based failure criteria is currently being pursued. This approach recognizes that all materials contain flaws and that adhesive joints usually fail by the initiation (or sub critical growth) and propagation of flaws of a critical size within the adhesive layer or composite adherends. Fracture mechanics attempts to link these processes with predictions of the joint strength under various loading conditions by analyzing the stress state within the joint, particularly in the vicinity of the critical flaw and comparing this with material properties that describe the tendency of the cracks to propagate. Results related to fracture mechanics based failure criteria will be presented in future work.
D. Characteristic Distance
Typical joint configurations, such as single lap joints, contain bimaterial interface corners or free edges that can result in theoretically singular stress/strain fields. In these circumstances the failure criteria involving maximum stress/strain are meaningless. However, Adams Peppiatt 24 insisted that sharp corners do not exist in real joints and therefore neither do the stress/strain singularities. This is a valid point, but as observed by Adams and Harris 23 , the predicted values of the maximum stress/strain components are highly sensitive to small changes of the local joint geometry at the leading edges, whereas the experimental results are not. Thus, although reasonable success has been obtained with maximum stress/strain failure criteria, there is analytical and experimental evidence to suggest that this form of failure criteria is only suitable for adhesive joints when some averaged value is used. This leads directly into the concept of characteristic distance.
A way of getting around the problems associated with maximum stress/strain criteria is to use a maximum stress/strain at a given distance from the point of singularity or a critical value of stress/strain averaged over a given region. This distance is the so-called characteristic distance. This is, in effect, what has been implemented with most of the criteria that were evaluated using closed-form type solutions and FEA. The stress/strain has either been found at a certain fixed distance from the singularity, or some averaged value has been used.
IV. Validation Examples

A. Bonded Doubler Validation -Cheuk Example
This example is selected from Cheuk and Tong's 2 failure tests on bonded doublers. For convenience, we refer to it as Cheuk's problem. Fig. 2 depicts schematically the geometric configuration of bonded doubler specimens used by Cheuk and Tong. The specimens have an overlap length of 45 mm and an unsupported length of 95 mm. The material used for manufacturing the composite adherends was T300/934 carbon/epoxy plain-woven, with orientation of 0°. In HyperSizer failure analysis, both linear and nonlinear adhesive were used to predict the failure load of the specimen subjected to longitudinal tension. Tables 2a and 2b provide the material properties of the adherend plies and the adhesive. Note that S prop is the proportional limit of adhesive, and S ult and e ult are the ultimate stress and strain, respectively. λ is the ratio of compressive yield stress to the tensile yield stress of the adhesive. Figure 3 plots the experimental stress-strain data for FM300-K along with the employed non-linear approximation using the Ramberg-Osgood model.
The stress analysis results for the in-plane stress of the surface ply and out-of-plane stresses of the adherends at the free edge are shown in Figs. 4 and 5 . The maximum principal stress criterion, i.e. Eq. (17) is used to predict the sectional fracture of the adherends because it is believed that the sectional fracture is caused by the maximum tensile stress in the adherends. The margin of safety is checked at every point of the adherends, including at the free edges, as shown in Figs. 6 and 7 . The predicted failure loads are summarized in Table 3 , together with the comparison to test results. o taper along the edges and co-bonded with uncured skin using one ply of grade 5, FM 300 adhesive film. The panel then was cut into 25.4 mm wide by 177.8 mm long specimens. The thickness of the adhesive layer is 0.178 mm. The adherend material properties used in the analysis are summarized in Table 4a , while the strength values employed for the skin ply material (IM7/8552 graphite/epoxy prepreg tape) are given in Table 4b . Table 4c provides the adhesive properties. Figure 9 provides a plot of the nonlinear adhesive Ramberg-Osgood representation employed in the model vs. experimental stress-strain data. The tapered ends of the flange were modeled as stepped ends in HyperSizer, as shown in Fig. 10 . The joint displacements, internal forces/moments as well as local stresses are calculated in the solution domain shown in Fig. 10 , which is half of the actual specimen configuration due to symmetry. Figure 10 also shows the detailed through-thickness distribution of the out-of-plane stresses at the adherend leading edge, assuming linear adhesive behavior. The interlaminar stresses distributions through the thickness of adherends are plotted at several locations near the adherend leading edges, as shown in Fig. 11 , again assuming linear adhesive behavior.
Both linear and nonlinear adhesives were used in the stress analysis. The stress analysis results provided the basis for failure analysis. The failure criteria for delamination (Eqs. (5)- (15)) and matrix cracking (Eq. (16)) were used to predict the onset of damage. The corresponding margins of safety were checked at each point of the skin adherend. The failure load was then determined from the failure criterion that gives the lowest margin of safety. Because failure of the test specimens was observed in the skin adherend only 3 , failure criteria were not checked for the tapered flange. Table 5 summarizes the predicted initial failure loads and failure criteria used in HyperSizer for the NASA problem. A characteristic distance of one-half ply thickness was used in predicting the failure loads. Tables 6a and 6b compare predictions based on the controlling failure mode (delamination) for linear and nonlinear adhesive analyses and characteristic distances of 0 (Table 6a ) and ½ ply thickness (Table 6b ). (11) 19.0 20.0 Adherend delamination, Eq. (12) 18.9 20.0 Adherend delamination, Eq. (14) 12.4 13.6 Adherend delamination, Eq. (13) 12.3 13.5 Average of delamination loads 16.8 17.7 Out-of-plane stresses at Position 2 Out-of-plane stresses at Position 3 
C. Single Lap Joint Validation -Tong 6 Example
Tong's example of single-lap joint specimens without pre-cracks was selected as another validation example for single-lap joints. The specimen configuration is schematically illustrated in Fig. 12 . The joint has an overlap length of 50 mm and a nonoverlap length of 100 mm for both adherends, which are manufactured by laminating eight plies of T300/934 plain woven prepreg, oriented in the 0° direction. The adherends were bonded together using FM300-K film adhesive with uniform thickness of 0.16 mm. Material properties for these materials are given in Tables 2a and 2b . Both linear and nonlinear analyses were performed to predict the failure load of the specimen subjected to longitudinal tension. Figures 13  and 14 show the in-plane stresses in the surface ply of adherend 1 for the linear and nonlinear adhesive cases. The maximum stress criterion, Eq. (17), is used to predict initial failure of the adherends. The margin of safety is checked in the adherends, as shown in the Figs. 13 and 14 . The experimental loaddisplacement curves of the joint specimens show very pronounced initial damage and damage evolution prior to the ultimate failure. The failure location predicted by HyperSizer, which corresponds to the location of zero margin of safety in Figs. 13a and 14a , matches well with the experimental observation (see circled locations in Fig. 12 ). The predicted failure load with linear analysis is 6.85 kN, which correlates well with the measured initial failure load of 7.2 kN. The predicted initial failure load using nonlinear adhesive is only slightly different, at 6.82 kN. This is due to the in-plane tensile stress being less affected by yield of the adhesive layer than the out-of-plane stresses. Table 7 summarizes the predicted failure loads by HyperSizer and the test results.
Note that the original experiment tested 4 groups of specimens and each group contains precracks of different length and locations. It was found that all 4 groups with total 18 tests exhibit nearly same damage initiation mode and load. Even though the test results in Table 7 were selected from the specimens in Group A which contains no precracks, the initial failure load of 7.2 kN was the average measured from load-displacement curves of all 4 groups of specimens. 
V. Discussion
Cheuk's bonded doubler problem shows that the failure location predicted by HyperSizer matches well with the experimental observation, while the predicted failure load with linear analysis is 13.5 kN, nonlinear result is 14.4 kN, both of which are reasonably accurate, but conservative, compared to the measured ultimate failure load in the tests, which is 18.6 kN. The discrepancy may be due to the progressive damage involved in the experiment and the predicted failure load by HyperSizer is only accounting for the damage initiation. Nonlinear analysis predicted a slightly higher failure load (14.4 kN), but it is still conservative compared to the test data. This is due to the section failure of the adherend being controlled by the in-plane tensile stress, which is less affected by the nonlinearity of the adhesive layer than the out-of-plane stresses.
In the NASA problem, the predicted location of damage onset by linear analysis is consistent with the experimental observation; and the predicted load for the damage initiation is approximately 0.76 times the tested average strength of 17.8 kN. Nonlinear analysis shows that a more compliant adhesive will significantly increase the damage resistance of the adherend to matrix cracking and delamination, and HyperSizer predicts that the joint can carry 0.87 of the test failure load without failing. Davila
26
, who also studied this problem, argued that matrix cracking should not be considered as the damage initiation mode because the initial matrix cracking is minor and soon turns into delamination. He suggested using delamination criteria for damage initiation, Eqs. (5) - (15) , instead of the one for matrix cracking.
The error between HyperSizer theoretical failure loads and the test results may also originate from the stress analysis. As observed in the comparison to FEA 1 , the peak values of out-of-plane stresses predicted by HyperSizer are somewhat higher than finite element results. As such, HyperSizer's failure load predictions are generally on the conservative side, which is believed to be favorable to the preliminary design. In addition, to overcome the singularity problem encountered at free edges, we also used the characteristic distance in our failure analysis (NASA problem), where the stress analysis results should be more stable and accurate.
Another important issue that could cause the discrepancy between HyperSizer predicted results and test data is the boundary conditions used in the test articles. In solving for the stresses and displacements, HyperSizer makes the assumptions that these joints can only deform in "cylindrical bending", which states that deflections are a function of the panel y direction only. This means that deflections that vary in the x (or stiffener) direction, by panel curvature in that direction, are disallowed (see Fig. 15 ). These assumptions make it possible to solve for the stresses and strains in a very efficient manner compared to what would be required by solid finite element analysis. At first glance this might seem rather limiting, however, the question is: Does the cylindrical bending assumption limit the usefulness of this capability? We believe that for most real-world applications, this assumption, and therefore the HyperSizer methodology, is sufficient and appropriate.
Consider the typical skin-stringer structure shown in Fig. 15 . In this situation, the stiffener to skin bonded joint is a part of what is referred to as an "in-service" panel. The panel is not isolated from other structures in the same way that a standalone test article would be. A panel in this situation is supported between stiff ringframes, bulkheads or ribs, which has two effects. First, the strain in the stiffener direction, ε x , will be nearly constant throughout the panel. This is in contrast to the transverse strain ε y which will be different between the panel facesheet and stiffener flange region. Second, because the effective bending stiffness of the panel is several orders of magnitude greater in the stiffener direction than in the transverse direction (i.e. D 11 >> D 22 ), the curvature in the stiffener direction will be much smaller than the curvature in the transverse direction. In fact, in most in-service loading conditions, the curvature in the stiffener direction can be assumed to be zero. In contrast to the in-service panel boundary condition is the case of a small, standalone test article, or even a transverse panel that is loaded in the transverse direction, but free to deform in the stiffener direction. This situation is depicted in Fig. 16 . In this situation, unlike the in-service panel boundary condition, the panel is free to do several things that do not occur in actual aircraft panels. First, in the top view, it can be seen that the strain in both the x and y directions is non-uniform along the edges. Second, as seen in the side and front views, the panel may curve due to its eccentricity and the Poisson effect (this will cause the test article to deform in a saddle shape). Finally, because the individual plies each have primary stiffnesses in different directions, there is no guarantee that the edge will remain planar, and in fact could take on a stair step deformation as shown in the side view.
Modeling this type of stand-alone problem with greater accuracy would require a theory that does not assume cylindrical bending and models full 3-D elasticity for the individual plies. In general, this means using a 3-D solid model FEA. In addition, the HyperSizer methodology is intended for acreage panel structural problems and would not be expected to do as well in regions of panel closeouts or stiffener terminations. These types of problems would also require tests or detailed FEA. In summary, we expect even better correlation of HyperSizer with the majority of in-service aircraft structures. 
VI. Conclusion
A method for stress analysis of composite bonded joints was recently developed and implemented in a new capability called HyperSizer. Together with suitable failure criteria, summarized in this paper, HyperSizer can predict the failure of composite joints. Three joint configuration designs were selected from the literature for validation: Cheuk's 2 bonded doubler problem, NASA's 3 skin/stepped flange problem, and Tong's 6 single-lap joint problem. The ratios of theoretical failure divided by test average failure for the total of 14 test cases vary from 0.77 to 0.95, with average of 0.86. Table 8 summarizes the theoretical failure loads and test averages together with failure criteria used in the analysis. These results show that HyperSizer is relatively accurate and consistent at predicting initial failure. 
